Larval cysts of Taenia solium are important parasites that cause neurocysticercosis when larvae encyst in the human central nervous system. The larvae can develop into tapeworms in the intestine when people eat uncooked or poorly cooked cysticercotic pork. The tapeworm carrier as the definitive host is the source of T. solium eggs, which are released into the environment with the feces. T. solium oncospheres can develop into the larval stage in pigs or humans after the ingestion of the released eggs. Cysticercosis is a serious public health problem that affects human beings in many developing areas worldwide, and it has been reported recently in some developed countries (19) .
Previous animal vaccination experiments using defined proteins, synthetic peptides, recombinant phages, and plasmid DNA have resulted in high-level efficacy of protection against experimental T. solium infection (1, 7, 9, 10, 16, 21) . A gene encoding TSOL18 antigen, a homologue of T. ovis To18 (8) and T. saginata TSA18 (14) , which induce protective responses in immunized sheep and cattle, respectively, was screened from a cDNA expression library for T. solium oncospheres (4) . Recent studies demonstrated that most of the TSOL18-vaccinated pigs were protected against experimental infection (2). In our laboratory, major limitations on the mass production of TSOL18, for instance, a relatively low expression level, instability, and difficulties in purification on a large scale, were found. Thus, a eukaryotic expression system based on Pichia pastoris for the production of glycosylated TSOL18 was tested, and the antigen was purified and evaluated for the development of an effective vaccine against T. solium.
MATERIALS AND METHODS

Pigs and T. solium eggs.
Fifteen 40-day-old healthy pigs, in which anticysticercosis antibodies were not detected by an enzyme-linked immunosorbent assay (ELISA), were purchased from a local area without the occurrence of cysticercosis. The experimental protocol was approved by the Animal Ethics Committee of Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou, China.
An adult worm recovered from a taeniasis patient was completely scissored to release T. solium eggs. After being washed three times in saline, the released eggs were recovered by centrifugation, counted under a microscope with a McMaster egg counter, and stored in RPMI 1640 medium at 37°C overnight. The viability of the eggs was checked mainly by their morphology.
Preparation and purification of recombinant TSOL18 produced in P. pastoris. Recombinant P. pastoris cells were constructed previously in our laboratory. Recombinant TSOL18 antigen was produced in a 5-liter bioreactor (B. Braun Biotech). During the fermentation, the pH of the culture was always kept below 5.0, and in order to prevent foaming, Antifoam 204 (Sigma) was added. Furthermore, the oxygen content in the culture was constantly kept at Ͼ50% in our experiment. All procedures and other parameters adhered strictly to the instructions in the manufacturers' manuals. The recombinant protein was purified by Sephadex G-100 gel chromatography, eluting with 0.01 M phosphate-buffered saline (PBS; pH 7.2) at 0.5 ml per min. Then the purity level and the concentration of the purified TSOL18 were determined using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and a Biophotometer (Eppendorf).
Analysis of glycosylation. Twenty microliters of purified TSOL18 was first boiled for denaturation, incubated with endoglycosidase H (BioLabs) at 37°C for 1 h, and then analyzed by SDS-PAGE.
Preparation of crude antigens from fresh metacestodes. Crude extracts from T. solium cysticerci were prepared by the procedure previously described (13) , with a few of modifications. Briefly, cysticerci from the skeletal muscle of highly infected pigs were dissected and homogenized in ice-cold saline solution by using a glass homogenizer. The suspension was left overnight at 4°C with gentle stirring, followed by centrifugation for 30 min at 12,000 ϫ g at 4°C. The supernatant, containing a mixture of soluble antigens, was recovered and filter sterilized. The concentration of the antigens was determined using a Biophotometer (Eppendorf).
Immunization and experimental infection of pigs. In trial 1, 15 pigs were randomly separated into three groups of five animals each, regardless of their size, body weight, and sex. The vaccination of pigs with recombinant TSOL18 or crude antigens was performed prior to an experimental challenge infection with T. solium eggs. Immunizations were given intramuscularly in the neck. Pigs in group A were given PBS as a control. Group C was immunized with 200 g of purified TSOL18, and group B was given 1,200 g of crude antigens extracted from T. solium metacestodes. Fifteen days later, a booster dose was administered at the same site. In this animal trial, the adjuvant ISA 206 (Seppic France) was utilized as an immune-response enhancer. Each pig was experimentally infected with 25,000 mature viable T. solium eggs 30 days after the booster dose. Control and immunized pigs were slaughtered 90 days after the challenge, and necropsies were performed. The number of encysted cysticerci was determined.
In order to further evaluate the potential use of recombinant TSOL18 for an anticysticercosis vaccine, the vaccination trial with pigs was repeated as described for trial 1 with the exception that the challenge occurred 14 days after the booster dose. As in the previous trial, pigs in group A were given PBS as a control, and group B was immunized with 200 g of purified TSOL18.
Detection of specific antibody in pigs in trial 1 by ELISA. In the first vaccine trial, serum samples from each pig were collected and separated 20, 40, 55, 70, 85, and 102 days postimmunization. Levels of specific antibody against the TSOL18 vaccine or cysticercus crude antigens were detected by an ELISA. Each well of polystyrene plates was coated with 2 g of the recombinant TSOL18 protein, and the plates were stored overnight at 4°C. The plates were washed three times with PBS-0.05% Tween 20 (PBST) and then blocked with a solution of 4% fetal bovine serum (FBS) in 0.1 M PBST. After incubation for 30 min at 37°C, the plates were entirely emptied and 100 l of serum (diluted 1:200 in PBST-4% FBS) was dispensed into each well. The plates were incubated for 45 min at 37°C and then washed three times with PBST. One hundred microliters of horseradish peroxidase-conjugated rabbit anti-porcine immunoglobulin G (Beijing Zhongshan Biotechnology) diluted 1:800 in PBST-4% FBS was added, and the plates were incubated for 30 min at 37°C. The plates were washed as described above, 100 l of diaminobenzidine solution was added, and the mixture in the wells was visualized in the dark at room temperature for 10 min. The optical densities at 492 nm were recorded using an ELISA reader.
Western blotting. The proteins were separated on an SDS-PAGE gel and then electrotransferred from the gel onto a polyvinylidene difluoride membrane (Gelman). Western blotting analysis was performed using pig serum obtained 1 month post-experimental infection with oncospheres of T. solium (3) .
Statistical analysis. The significance of the reduction induced by vaccination was determined using the Mann-Whitney test. The antibody levels were compared using an unpaired t test.
RESULTS
Identification of recombinant TSOL18. SDS-PAGE results
showed that recombinant TSOL18 was secreted into and existed mainly in the supernatant of the culture. The concentration of secreted TSOL18 produced by P. pastoris reached 2.5 g per liter. In the supernatant, a recombinant TSOL18 protein was the predominant protein, with only a small amount of the other form of TSOL18, which had a molecular mass of approximately 12 kDa. The recombinant protein was easily separated by gel chromatography, with a high level of purity. After digestion with endoglycosidase H, the 16-kDa component had a decrease in molecular mass of 4 kDa or so, indicating that the 16-kDa protein was glycosylated and the 12-kDa protein was nonglycosylated.
Specific antibody in experimental pigs in trial 1 in response to vaccination. Pig sera were collected to detect specific antibody levels throughout trial 1. Four of the five TSOL18-vaccinated pigs showed high levels of anti-TSOL18 antibody, and antibodies reached the highest level 40 days postimmunization (Table 1) . One pig in the TSOL18 group failed to exhibit an antibody response, and levels of antibody in serum samples from this pig remained low (optical density at 492 nm, Ͻ0.3) over the course of the experiment. High levels of specific antibody in three of the five pigs vaccinated with crude antigens were also detected (data not shown).
Protection against T. solium egg challenge. Naked-eye inspection was promptly conducted after experimental pigs were humanely killed. Pigs' muscles, brains, and tongues were sliced into small pieces with knives. As shown by the results from trial 1 presented in Table 2 , vaccination with the recombinant TSOL18 antigen significantly reduced the number of cysticerci recovered (P Ͻ 0.01), giving a 94% reduction, 5% higher than the 89% reduction induced by using cysticercus crude extracts. No significant differences between pigs immunized with TSOL18 and those immunized with cysticercus crude antigens were observed. Among three surviving pigs vaccinated with metacestode antigens (two pigs in this group died from unknown causes during the trial), only one was completely protected against experimental infection with T. solium eggs. In the TSOL18 group, however, no cysticerci were detected in b P Ͻ 0.01 compared to PBS group. c One control pig and two pigs immunized with total antigens died during the trial for unknown reasons.
d Twenty vesicular cysticerci were detected in one pig with low levels of specific antibody to the TSOL18 vaccine throughout the trial.
e Twenty-six calcified cysticerci were detected in a pig immunized with recombinant TSOL18.
three of five pigs. In one TSOL18-immunized pig, low levels of antibodies were elicited and 20 viable encysted metacestodes were detected. Many small calcified cysticerci were detected in individual pigs in the crude-antigen group, but calcified cysticerci were not found in the TSOL18 group (data not shown).
In the repeated trial, no viable cysticerci were detected in group B and all five pigs immunized with recombinant TSOL18 were completely protected from infection with T. solium eggs ( Table 2) . Twenty-six nonviable calcified cysticerci were detected in one of the pigs in group B.
Immunoblot assay. Both glycosylated and nonglycosylated TSOL18 proteins produced in P. pastoris were recognized by serum from a pig at an early stage of infection with T. solium eggs. Not surprisingly, the recombinant deglycosylated antigen also reacted with this serum sample containing antioncosphere immunoglobulin G.
DISCUSSION
Although several previous studies demonstrated that native T. solium oncosphere antigens induce highly protective responses against cysticercosis in pigs (11, 17, 18, 20) , vaccines based on such native proteins are impossible in practice because their production is extremely limited. In other animal vaccine trials, defined recombinant oncosphere proteins exhibited a high level of protection against other cestode infections (8, 14, 15) . A TSOL18 protein from T. solium oncospheres is a very good vaccine candidate and has been successfully tested in vaccination against pig cysticercosis (2) . This antigen may be essential for the viability of T. solium oncospheres. In vitro experiments reveal that T. solium oncospheres coincubated with anti-TSOL18 sera and complement lose viability (12) . Recently, Gauci and his colleagues (5) proved that the TSOL18-encoding gene is extremely conserved in 10 T. solium isolates from various worldwide geographical locations, which belong to different genotypes on the basis of the T. solium cox1 gene. This information increases the probability that a TSOL18 vaccine may be useful worldwide to prevent T. solium infection in pigs.
The recombinant protein expressed in a glycosylated form in P. pastoris closely resembled the native TSOL18 antigen in T. solium oncospheres. A high level of expression (up to 2.5 g/liter) was obtained. Moreover, this secreted glycoprotein was easily and efficiently purified from the culture medium by using gel chromatography. The TSOL18 vaccine induced high-level reductions in the parasite load (94 and 100%) in experimental infections with T. solium oncospheres in the trials. Considering this information, herein we show the appropriate conditions for the production of this vaccine on a large scale for commercialization.
In this study, high levels of antibodies in four pigs immunized with the TSOL18 antigen in trial 1 were detected by ELISA, but from one pig in the same vaccination group, 20 vesicular cysticercus cysts were recovered. This heterogeneity in the levels of protection induced has also been observed in other vaccination trials (2) . No calcified metacestodes were found in any of the pigs vaccinated with the recombinant TSOL18 antigen in trial 1 or in four of five pigs in group B in the repeated trial. The situation was just the opposite for the trial 1 group immunized with crude antigens derived from T. solium larvae. Each of three vaccinated pigs in group B in trial 1 was infested with small, yellow calcified cysticerci. A similar finding was observed in a previous study of pigs vaccinated with DNA based on the gene encoding paramyosin B (6) .
In conclusion, herein we describe the procedure for producing the protective TSOL18 glycosylated antigen at high levels. The results described herein also demonstrate for the first time the effectiveness of TSOL18 against the Asiatic T. solium.
